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To further understand the physiological mechanisms of cold-tolerance in banana plants, the responses of four introducing cultivars (cv.)W811 (via long-
term cold adaptation), PB, BJ10 andBJ11 to low-temperature stress (LT)were investigated. LT caused increasedmalondialdehyde (MDA) content, elevated
contents of hydrogen peroxide (H2O2) and superoxide radical (O2U
−), and decreased photochemical efficiency (Fv/Fm) and net photosynthetic rate (Pn) in the
leaves of four banana cultivars, but cv. W811 showed better LT tolerance than the other three cultivars. After 72 h of LT, four key antioxidative enzymes in
the four cultivars showed different responses. Compared to controls, superoxide dismutase (SOD) activities in the four cultivars showed a significant
decrease andW811 had the smallest amount of decrease. Catalase (CAT) activities showed a significant decrease. Peroxidase (POD) activities kept relatively
higher activities and showed no significant changes (PN0.05) in W811, BJ10 and BJ11 whereas that in PB showed a significant increase (Pb0.001).
Ascorbate peroxidase (APX) activities inW811 and PB showed no significant changes (PN0.05). Our results showed that higher cold-tolerance in cv.W811
may correlate with the long-term cold adaptation of the antioxidative enzymes such as SOD, POD and APX that alleviate oxidative stress caused by LT.
© 2011 SAAB. Published by Elsevier B.V. All rights reserved.
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Bananas, as well as plantains (Musa spp.), are important staple
and income-generating fruit crops in the tropical and subtropical
regions of the world (Ssebuliba et al., 2005). Since temperature in
the subtropical regions is marginal in winter (Turner and Lahav,
1983), banana production is often threatened by low temperature
(LT), causing reduced growth and slower development of plants.
Photosynthesis is cold sensitive that LT can lead to
photoinhibition (Elstner, 1982). In addition, LT may induce
production of reactive oxygen species (ROS), such as
superoxide (O2U
−), singer oxygen (1O2), hydrogen peroxide
(H2O2) and hydroxyl radical (
UOH), which is highly toxic or can
even lead to cell death (Kumar and Yadav, 2009). Plants⁎ Corresponding author. Tel.: +86 20 85217612; fax: +86 20 85212078.
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mechanisms such as several enzymatic and non-enzymatic
systems against ROS (Rentel and Knight, 2004). Therefore,
damage to photosynthetic apparatus is minimized by means of
scavengers, i.e. superoxide dismutase (SOD, EC1.12.1.1),
catalase (CAT, EC1.11.1.6), peroxidase (POD, EC 1.11.1.7)
and ascorbate peroxidase (APX, EC1.11.1.11) which catalyze
the rapid decomposition of superoxide and hydrogen peroxide
(Sundar et al., 2004). Many chilling-sensitive plants that can
survive in cold climate after long-term adaptation to LT may
correlate with cold-adapted antioxidative enzymes.
In the present study, the effects of cold-stress were
investigated on the leaves of the four introducing cultivars
(cv.) W811 (via long-term cold adaptation), PB, BJ10 and BJ11
in order to further explore the relationship between cold-
tolerance and long-term cold adaptation of bananas, which
would provide a theoretical guidance for banana production and
screening cold-resistant variety.ts reserved.
Fig. 1. Effects of low temperature treatment for 72 h on the MDA content in the
four banana cultivars. Mean±SE, n=5, *, **, *** — significant at P≤0.05,
0.01 and 0.001, respectively. As compared to the control, the same letter on the
top of column presents no significant difference between the species.
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2.1. Materials and pretreatment for determination
Saplings of three newly introducing banana cv. PB, BJ10 and
BJ11 from Malaysia and the introducing banana cv. W811 (via
long-term cold adaptation in South China) were obtained from
Biotechnology Institute, Guangxi Academy of Agricultural
Sciences, Nanning. These cultivars belong to the Cavendish sub-
group (Musa AAA) (Robinson, 1995). These saplings were
placed in a growth cabinet under normal growth conditions
[30 °C/22 °C day/night, 75% relative humidity (RH) and 12-h
photoperiod with a PPFD of 250 μmol m−2 s−1] and supplied
with the same levels of water and MS nutrient. Two months
after the transfer from in vitro to a soil, uniform and healthy
saplings (Height: about 20 cm) were selected for the present
experiment. For LT treatment, the saplings were treated with
7 °C/7 °C day/night with the same light/dark regime and RH
mentioned above and the saplingswhichwere placed in the growth
cabinet under normal growth conditions were used as controls.
2.2. Description of methods
Except photosynthesis and chlorophyll fluorescence parame-
ters, all the other physiological parameters were measured after
72 h of LT treatment. After 72 h of LT treatment, lipid
peroxidation was determined according to the method described
by Sun et al. (2006). The method of ROS (H2O2 and O2U
−)
localization was conducted according to Romero-Puertas et al.Fig. 2. H2O2 (left panel) and superoxide radical (right panel) localization in situ in the
temperature (7 °C) for 72 h, followed by infiltrating with DAB or NBT for visualiz(2004) and Zeng et al. (2010). DPPH* scavenging capacity assay
according to the method described by Peng et al. (2000). All
enzyme activities were assayed using a visible–UV spectropho-
tometer (Lambda 24; Perkin-Elmer, Waltham, MA, USA).
Protein contents in various extracts were measured according to
Bradford (1976) with bovine serum albumin (BSA) as a standard.
Total SOD was assayed according to Giannopolitis and Ries
(1977) and one unit of SOD activity was defined as the amount of
enzyme required to cause 50% inhibition of the reduction rate of
NBT as monitored at 560 nm (Aebi, 1984). APX activity was
assayed as described by Nakano and Asada (1981). POD activity
was determined following the method of Putter (1974). CAT
activity was measured according to the method of Aebi (1974).
After LT treatment of 0 and 48 h, photon-saturated gas exchange
was measured on five fully-developed leaves from five plants per
cultivar per treatment with a portable infrared gas analyzer (LI-
6400, LI-COR, USA) with the PPFD 800 μmol m−2 s−1 and all
other conditions were specified to be maintained at the same level
as the growth cabinet during the periods of measurements. After
LT treatment of 0, 24, 48 and 72 h, chlorophyll fluorescence
parameters were measured.
2.3. Data analysis
Statistical analysis was performed using Student-t test and
one-way analysis of variance (ANOVA) followed by Duncan's
Multiple Range Test (DMRT). P values ≤0.05 were considered
as significant.
3. Results and discussion
Among abiotic stresses, LT constitutes one of themajor hazards
to agriculture and is an important factor that limits the survival,
productivity and geographical distribution of plants in large areas
of the world (Boyer, 1982). The exposure of plants to LT induces
many changes in physiological and biochemical parameters.
The LT treatment increased several-fold MDA content as
compared to their controls, but the amount of increase was
significantly different among the four banana cultivars (Fig. 1).
The cv.W811 had the smallest amount of increase while the cv.
BJ11 had the highest amount of increase in the MDA content,
which indicated that cv. W811 suffered the least cold injury
whereas BJ11 suffered the most severe injury.
High level of ROS also accumulates in the cell when plants
are continuously exposed to LT. Here, hydrogen peroxideleaves of the four banana cultivars. The leaves were treated with or without low
ing H2O2 and superoxide radical, respectively.
Fig. 4. Effects of low temperature treatment on the maximum net photosynthetic
rate (Pn) and stomatal conductance (gs) in the four banana cultivars. Mean±SE,
n=5, *, **, *** — significant at P≤0.05, 0.01 and 0.001, respectively, as
compared to the control.
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four banana cultivars with DAB and NBT staining, respectively
(Fig. 2). In H2O2 detection, the brown deposits are the results of
the reaction of DAB with H2O2. The control leaves of the four
banana cultivars were stained by some pale brown deposits
without significant differences among them. Compared with
W811 leaf, more brown deposits could be obviously observed
in the leaves of other three cultivars when they were exposed to
LT for 72 h, and the numbers of brown deposits in the leaves of
four cultivars exhibited the sequence W811bPBbBJ10bBJ11.
In superoxide radical detection, where the blue formazan
deposits were characteristic of reaction of NBT with superoxide
radical, the result was very similar with the H2O2 detection. The
leaves of PB, BJ10 and BJ11 were stained more intensely than
W811 leaf when they exposed to LT. The results implied that
H2O2 and superoxide radicals were produced when the leaves of
banana cultivars exposed to LT, and cv. W811 leaves may be
the most cold-tolerant to LT stress among the four cultivars.
LT-induced photoinhibition is a major factor limiting yield in
many plants (Bertamini et al., 2005). An obvious decreasing trend
in the maximum quantum yield of photosystem II (Fv/Fm) in the
leaves of the four banana cultivars was observed during the LT
treatment (Fig. 3). With comparing to W811, more rapid
decreases in Fv/Fm in the leaves of the other three cultivars
were observed, which revealed that W811 had the highest cold-
tolerance in the photosystem II among the four cultivars. Besides,
Fig. 4 further showed the effects of LT treatment on the
photosynthetic capacities (Pn) and stomatal conductance (gs) in
the leaves of the four cultivars. Adaptation of plants to cold is
largely determined by the ability of the photosynthetic apparatus
to adapt for LT (Sakai and Larcher, 1987). It is known that the
resistance of the photosynthetic apparatus to LT differs in the
same ecotypes of species living under different temperature
conditions (P'yankov, 1982). After 48 h of LT treatment, the
values of Pn in the W811, PB, BJ10 and BJ11 decreased by
43.7%, 98.7%, 84.5% and 96.3%, respectively, and the values of
gs in the W811, PB, BJ10 and BJ11 decreased by 47.6%, 68.2%,
54.2% and 53.4%, respectively. The cv. W811 had the smallest
amount of decrease in Pn and gs, which indicated that W811 had
the highest tolerance of the photosynthetic apparatus to LT.Fig. 3. Effects of low temperature treatment on the maximum photosystem II
efficiency (Fv/Fm) in the leaves of the four banana cultivars. Data are the mean±
standard error (n=5).Tolerance to LT in plants should be accompanied by an
increase the total antioxidant capacity (DPPH* scavenging
capacity) and also in the activities of antioxidant enzymes
(Sundar et al., 2004). The LT treatment significantly reduced
the DPPH* scavenging capacity in the four banana cultivars
(Fig. 5). After 72 h of LT treatment, the DPPH* scavenging
capability in W811 still maintained the highest value among the
four cultivars. In recent studies, the capacity of a biological
reagent to scavenge 1, 1-diphenyl-2-picrylhydrazyl (DPPH*)
has been used as an index of its antioxidant capacity and reflects
approximately the resistance of the plant antioxidant system to
extrinsic free radicals (Peng et al., 2000).Fig. 5. Changes in the total antioxidant capacity (DPPH* scavenging capacity)
in the leaves of the four banana cultivars after 72 h of low temperature treatment.
Mean±SE, n=5, *, **, *** — significant at P≤0.05, 0.01 and 0.001,
respectively. As compared to the control, the same letter on the top of column
presents no significant difference between the species.
Fig. 6. Changes in the activities of superoxide dismutase (SOD; a), ascorbate
peroxidase (APX; b), peroxidase (POD; c) and catalase (CAT; d) in the leaves of
the four banana cultivars after 72 h of low temperature treatment. Mean±SE,
n=5, *, **, *** — significant at P≤0.05, 0.01 and 0.001, respectively. As
compared to the control, the same letter on the top of column presents no
significant difference between the species.
293J.Z. Zhang et al. / South African Journal of Botany 78 (2012) 290–294After 72 h of LT treatment, the four antioxidative enzymes
studied in the four cultivars showed different responses to LT
(Fig. 6). SOD to H2O2 acting as first line of defense against
ROS, and hence decreases the risk of hydroxyl radical
formation from superoxide via the metal-catalyzed Haber–
Weiss-type reaction (Apel and Hirt, 2004). The changes in SOD
activity corresponded to plant chilling-resistance (Lukakin,
2002). With comparing to controls, SOD activities in the four
cultivars demonstrated an obvious decrease and the W811 had
the smallest amount of decrease, which only decreased by33.7% (Fig. 6a). CAT is an antioxidant enzyme that can rapidly
scavenge H2O2 (Auh and Scandalios, 1997). LT induced a sharp
drop of CAT in some plant species (Shen et al., 1999). There
was a significant difference in CAT activity among these
cultivars in the controls and CAT activity in all the four cultivars
showed a significant decrease after 72 h of LT treatment
(Fig. 6b). With comparing to controls, POD activities showed
no significant changes (PN0.05) whereas PB showed a
significant increase (Pb0.001; Fig. 6c). APX is a key enzyme
decomposing hydrogen peroxide in plants. APX activities in
BJ10 and BJ11 showed a significant decrease as compared to
their controls; however, APX in W811 and PB showed no
significant changes (PN0.05; Fig. 6d). These results implied
that long-term adaptation may lead to an adaptation in
antioxidative enzymes such as SOD, POD and APX, which
should account for higher cold-tolerance in W811, resulting in
alleviation of oxidative stress caused by LT. Our results
demonstrated that cold-adapted enzymes have a high reaction
rate, consistent with the results of Siddiqui and Cavicchioli
(2006).
4. Conclusion
Tolerance of plants to LT depends on their ability to
coordinate physiological processes accompanying temperature
decrease so that to minimize the damaging effects of cold. After
long-term adaptation to cold, the cv. W811 displayed less
inactivation of some key enzymes during cold stress and was
more cold tolerant. Relative stable cold-adapted enzymes such
as SOD, POD and APX should partly account for the higher
cold-tolerance in cv. W811, which resulted in alleviation of
oxidative stress caused by LT and thus protected its photosyn-
thetic apparatus.
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